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A blade-vibration  survey was oonducted W i n g  normal aperation 
of an earl7 production lo-stage axial-flow oolnpreesor F r e d  as 
part  of a cmylete jet engine.  Stmin-gage records were obtained 
frcm all stages during  acceleration,  deceleration, and constant- 
speed rum. Curves m e  presented sharlng  the  effect of i n l e t  die-  
krbances caused by blocka at  the cmpreeeror inlet on blade vibra- 
tions, the effects of inlet-dfeturhnce location, and a comparison 
of ~raaxlmun allowable etrees to vibratory  stresees measured. Values 
of a e r d p m i c  damping were also estimated. 

It was found that inlet disturbances  affec.ted blade vibratians 
throughout the compressor, that obstruction8 cauld be so located a8 
t o  reduoe some vibratiom, a d  that a e r o d p m i o  damping aoomnted 
f o r  about four-fifths of t o t a l  dynamic blade damping. 

L 

Blade failures i n  axialCLaw ccanpressor8 experienoed in  a 
number  of d i f fe ren t   a i rc raf t  engines can  undoubtedly be attrib- 
uted either t o  excessive  centrifugal or bending stressee caused 
by normal operation o r  t o  overspeed; many of the fa i lures ,  haw- 
ever, were apparently caused by vibrations. The cau8e of these 
vibrations is often unknuwn. 

The XACA Lewis laboratory therefore undertook to masure 
oompreseor-blade vibrations and t o  detennine the effect of 
blocking  the pemsagee between i n l e t  guide vanes on vibration 
characterietioe. This blocking simulated ice  formation o r  
other foreign material lodging at the ompressor inlet. - 
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Data ahowing the  effect  of blocked inlet passages on blade 
v i b r a t i m  and the aerodynamic damping a6 determined by t h i 8  
investigation are preeented  herein. 

The jet-propulsion  engine  described i n  reference 1 was used 
f o r  t h i s  investigation. The instrumentation  used t o  obtain t h e  
data preseu-d W ~ E I  of the  type  described in  references 1 and 2 
except for  the  introduction of a pure silk covering, which wa8 
cemented over the  gages and lead d r e e  t o  serve as a reinforcing 
material. 

Vibrations a t  variarrJ c r i t i c a l  speede of t h e  blades of each 
stage were measured throughout the complete operating range of the 
engine with and without flnid-flaw blocks in the inlet section in  
order to evaluate the vibration  characteristics possibly present 
under  severe icing  conditiom or under  conditions  created by foreign 
matter l.od&ng i n  the  inlet  of a Jet engine. The blocks were sheet- 
metal plates with  clips for attachment t o  two adjacent  inlet guide 
vanes (fig. 1). Each instal led Inlet block  prevented air  flow In  
one of t h e  56 passages. Combinations of one, two, three, and four 
blocks were used. When more than one block w&6 used, they were, 88 

nearly as possible,  installed with equal  circumf'erential  spacing. 
The inlet blocks were haphazaslllg oriented with respect t o  front 
bearing supports and other e a n e  p a r t s  except i n  one run i n  which 
two diametrically  placed blocks were successively moved t o  every 
other inlet passage  araund t h e  annulus. 

Resonance curves were obtained by meamring and plott ing vibra- 
t ion  amplitudes a% frequencies i n  the  vicini ty  of thk resonant fre- 
quency.  Becauee damp-lng values  calculated  fromthe  resomnce curves 
were unexpectedly  high, the  amplitude and  frequency measurements 
were made by three  different methale: (1) amplitude and frequency 
were obtained bg analysis of oscillograph  recorda; (2) strain-gage 
voltage clueput w m  measured by a highly damped meter; and (3) atrain- 
gage signals were'directed  into a wave-analyzer, which permitted 
determination of only the component correeponding t o   t h e  first 
bending-mode frequenciee of the blades. I n   t h e  aecond and t h i rd  
methods, the  frequencies were determined by observing  the  LissaJaue 
figures produced on an  oscillosoope by the combination of gage and 
osci l la tor  signals. 

. 
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I n l e t  Disturbances 
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In most cases when blocke. were placed fn the inlet, vibration 
amplitude  increased  as  indlcated by the data points of ffwre 2. 
The highest stress thus produced, *36,800 pounds per square inch,. 
was a thfrd-order  vibration  occurring in  the. th i rd  stage  caused b,y 
three blocked i n l e t  passages. T h i s  vibration wa8 within the oal- 
d a t e d  range required f o r  failure (reference 2) and possibly would 
have caused the blade t o   f a i l   i f   t h e   c o d i t i o n  were  penuitted t o  
continue for a considerable  length of tire, The effect  of variation 
i n  number of blocked. inlet passages on several  orders of vibration 
of a ffret-stage  blade  vibrating in  both f i r s t  and second  bending 
modes, shown i n  figure 3, indicate8 that when the  order of vibration 
is divis ible  bg the Iuullber of blocks, there is an appreciable 
increase i n  stress. The vibratory amplitude prOauced when the  
order of vibration is not  divislible by the TlUSBber of blocks 16 in 
most cases anlg slightly  higher than those produced wfth  unblocked 
inlets r e e s s s  of stage (flg, 4) or order of vibration (figs. 3 
a& 5). 

The greatest ef fec t  of blooking was observed in the entrance 
stages  directly behind  the  blocked i n l e t  passages, as would be 
expectea;  apprecfable  effects,  hmever, were preeent  throughout 
the campressor  even as far as the  tenth stage (fig. 6 )  . The actual 
magnitude of vibratory stress i e  meaningless for canprison between 
various  stages because the speed at which the  vibration acme has 
such a pronaunoed effect  on the amplitude. The b t a  are therefore 
p l o t t e d  as the percenhge  increase  in stress as the redt of inlet 
blocking Over the stress observed without blocks . Each bar in 
figure 6 represents  the average increase in vibratory stress f o r  a 
given  stage ae d e t e d n e d  from the stress measurements at several 
orders of vibration. The greatest   effect  of blocking oocurred when 
the order of vibration was divis ible  by the number of blocks, and 
the maximum effect  would  be r e a l i z e d  *en the  order of vibration x88 
equal t o  the nuzdber of blookg. 

The critical-speed diagram (fig. 7) s h m  the vibratiom 
observed during n o m  operation  without blocks. The fmrth-order 
vfbratians i n  the f i f t h  stage  selected f o r  detemlning  the  effect  
of two diametrically  placed blocke ( f ig .  1) auocessivelg  positioned 
i n  every  other  inlet passage are plot ted  in   f igure 8(a). Averaging 
values for syrmnetrical- positions  with regazd t o  the  highest and 
lawest peu’ts of the curve in figure 8(a) produced the smooth curve 
in  fi- 8(b) , The spread of f 5  percent i n  streas level  at variaus 
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positions is  accauntable by allght diffezymces in   the  individual 
inlet-air  passages and the normal experimental  accuracy of complicated 
strain-gage  installations. When the inlet blocker are placed direct ly  
in   the wakes of the  front  bearing  supports,  the maximum effect on 
vibrations should be prduced. The peaks of the  curves i n  figure 8(b) ,  
the  rectilinear  ooordinates, and in figure 8 ( c ) ,  the polar  coordi- 
nates, o c w  when the  blocks are 160 counterclockwise of the bearing 
supports and not when directly behinil t h e m .  Also t he  greateet  reduc- 
t i o n   i n  amplitude of the fourth-order  vibration should occur when 
the inlet blocks are  half‘way between the wakes of .the four front bear- 
ing support~l thus producing a strong  eighth-order  exciting  foroe. The 
m i n i m  amplitude also ocoure when the blocks &re displaced 16O fram 
the midposition of the supports. A whir l  velocity component must 
therefore  exist fn t h e  air stream between the  bearing mpports 
(located a t  the 90° posittone  in fig. 8 ( o ) )  and the inlet guide vanes, 
moving the wake i n  the direction  opposite t o   r o t a t i o n  of the  com- 
pressor. The  more significant  oharacteristic evidenced from figure 8 
i e  that certafn  vibrations  in  the compressor were suppressed by prop- 
erly  locating the blocks in the inlet of.- axial-flow compressor. 
Approximate 10-percent  inoreases  or  decreases i n  amplitude were 
created in the  fifth-stage blades vibrating at the fourth-order 
c r i t i c a l  speed, 14,250 rpm, by selectively  placing two diametrfcally 
plaoed  blocks in  the engine in le t .  Four blocks would have resulted 
in  greater  amplification or suppression of the fourth-order  vibration. 

Damping Characteristics 

I n  order t o   r ea l i ze  urnpressor blades having auceptable v ibra-  
tion ubaracteristics, knowledge of the damping characteristios of 
bides during normal engine  operation is essential. Bo reliable 
experimental bta on the  subject exist, hovever, beoause of t h e  
d i f f icu l t ies  of obtaining damping meamrements unsFfected by 
extraneous factors and of aoourately analyzing the neaeurements 
ob-hined.  Resonance curves of nonrotating epecimene have f ie -  
quently been analyzed by use of the following  equations, which are 
o e  approximate I . . .. 

6()5 = - - 
6 fo 
n A f  

60.707 E a - Af 
fc  
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where 

8 log decrement of damping 

A f  frequency spread at 0.5- o r  0.707-peak anplitnde,  cycles per 
second 

f, frequency at peak anaplitude of resonance curve,  cyoles per 
second 

For lack of be t te r  methods, these  equations were used t o  analyze 
resonance  curves  obtained frm strain-gage measurements on blades 
of several stages. A representative o#rve for  a fifth-8-e blade 
is ah- in  figure 9. A~aIyeis  of figure 9 &erve values of 
80.5 = 0.081 and 80.707 = 0.085. Values of 8 for  blades of 
other stage8 were also appr-ely 0.08. Damping values obtain& 
for  stationary  blades by the analpier of die-away ourvee (reference 2) 
averaged 0.015. The  damping at  standst- would conetitute  both mot 
dwping  and internal damping  of the blade material. Root damping 
would probably  be  reduced  dnring rotat ion of the  blade. It was 
assumed,  however, that root damping remains unchanged and that the 
amounts of damping measured under s t a t i c  conditdons by the  analyeis ' 

of die-away our-ves and under  oonditions of rotat ion by analysis of 
resoname curves can be coIlrpa3.ed. The difference between the damp- 
ing of a stationary  blade and that of a rotating  blade was then used 
t o  represent  the amount of aerodynamic h p i n g  present during normal 
engine operation. 

Although the exact  values of  damping given are contestable, 
the r e l a t i v e  magnitude s h d d  be rel iable .  The three  mthods of 
obtafning  resonance a r v e s  gave sat isfactow  correlat ion a d  m- 
ing values frm different  blades at  various epee& and orders a lso  
agreed  favorably  with  each  other. The conclusion that approximate  
four-fifth6 of the t o t a l  blade damping present  during  operation of 
the  unit  investigated 0821 be a t t r i b u t e d   t o   a e r o d p m i o   " p i n g  
therefore Beem reasonable. 

Because aerodynamic damping is auch a large past of t h e   t o t a l  
damping capscity of a campressor blade  subdeoted t o  normal ope=- 
t ian,  even doubling or   t r ip l ing  the material damping or the  root 
damping, which in i t s e l f  w o u l d  be an outstanding a c c m p l i s b n t ,  
w o u l d  only s l igh t ly  improve the o v e r 4  vibration  characterist ics 
of conventicmsl  axial-flow ccmrpressor blades. Aerodynamic  damping 
is, however, unreliable 88 a safeguard during abnormal candftione 
such as stal l ing,   b lade  f lut ter ,  or surging. 
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From the analysia of osoillogrebph records and measure~llente of 
the output from resistance-wire strain gages mounted on the blades 
of a l0-stage experimental axial-flow ompressor, the following 
reBUlte were obtained: 

1. Blockea canpressor inlet passages altered the vibration 
cl~azacteristics of blades  throughout  the c m p a a o r .  

2. Inlet obstructions  could be so introduced as t o  decreaee 
some blade vibrations. 

3. Approximately fmr - f i f th s  of the total damping c a p c i t y  of 
the compressor blades during norrnal compressor Operation wa8 caused 
by aerodynamic damping. I 

Lewis Flight Propuleion Laboratory, 

Cleveland, Ohio. 
Natlonal Advisory Ccamnittee f o r  Aeronautics, 

I. Meyer, And& J., Jr., and Calvert, Howard F. : Vibration Survey 
of Blebdes in  10Sta.ge Axisl-Flow Compreseor. II - Dynamic 
Investigation. NACA RM E8322a, 1949. 

2. Meyer, Andre' J., Jr., and C a l v e r t ,  H m r d  F.: Vibration Survey 
of B l a d e s  in  lO-Stage Axial-Flow Canpreaeor. I X  - Preliminary 
Engine Investigation. NACA FM E8322b, 1949. 
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Figure 2. - Comparison of calculated vibratory  stress required to produoe 
failure and measured vfbratory stress. 
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Third-order vibrations Fourth-order vibrations 
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(a) First bending-mode vibration. 
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(b) Second bending-mode vibration. 

Figure 3. - Effect  of number of blocked inlets  on 
various orders of vibration in first-stage blade. 
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Figure 4. - Effect of number of blocked in le t s  on 
fourth-order vibrations. 
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Figure 5 .  - Effect  of number of blocked inlets on various  orders of vlbra- 
tion  in  seventh-stage blade. 
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Figure 6. - Effect of blocked  inlets on vibratory s t r e s s  

throughout compressor. 
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Order of excitation I l l  
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Figure 7 .  - Critical-speed diagram showing measured f i r s t  
bending-mode frequencfes for a l l  stages. 
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Block positions (see fig. 1) 

(a)  Ehperimntal data points. (b) Avera d data points on 
roctifffimar a o o d b t e s r  

Plgme 6 . - Effect of blocked inlet looation on fourth-order vibrations In fifth-stage blade. 

I 
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( c )  Averaged data  points on polar ooordinates. 

Figure 0.  - Conoluded. Effect of blookad ln le t  location on fourth-order .vibrations 
In f If  th-stage blade. 
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Figure 9 . - Resonanoe curve of firth-stage blade. 
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